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Abstract
In Raman spectra of cuprate superconductors the gap shows up both
directly, via a redistribution of the electronic background, the so-called “2∆
peaks”, and indirectly, e.g. via the renormalization of phononic excitations.
We use a model that allows us to study the redistribution and the related
phonon self-energy effects simultaneously. We apply this model to the B1g
phonon of Y1−x(Pr,Ca)xBa2Cu3O7 films, where Pr or Ca substitution enables
us to investigate under- and overdoped samples. While various self-energy
effects can be explained by the strength and energy of the 2∆ peaks, anomalies
remain. We discuss possible origins of these anomalies.
PACS numbers: 74.25.Gz, 74.62.Dh, 74.72.Bk, 74.76.Bz, 78.30.Er
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I. INTRODUCTION
Some phonons in high-temperature superconductors show remarkable self-energy effects
when the superconducting gap ∆ opens. The strongest effects so far have been observed for
modes originating from the copper oxygen planes,1 in which the pairing mechanism is be-
lieved to be located. One example is the B1g phonon at 340 cm
−1 in RE-123 compounds (RE:
rare earth or Y) where renormalizations have been observed in neutron2 as well as in Raman
experiments.3 In the latter the B1g phonon has a Fano-type line shape as a consequence of
the fact, that some of the excitations which renormalize it are also Raman-active.4 This holds
above Tc where quasi-particle scattering leads to a structureless incoherent background
5 as
well as below Tc when the background redistributes and pair-breaking excitations become
observable. Considerable theoretical works have been carried out to describe the redistribu-
tion which leads to the development of so-called “2∆ peaks”.6–8 The main features which
are observed in the spectra seem to favor a d-wave gap, however, not all details are under-
stood at present.9 For example the fact that the redistribution in B1g symmetry weakens
with decreasing doping10 indicates that vertex corrections due to strong correlations may
play a considerable role, as e.g. angle-resolved photoemission spectroscopy (ARPES) shows
well-defined quasi-particle peaks down to low doping levels below Tc.
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In this work we investigate the renormalization of the B1g phonon and the redistributed
background in Y1−x(Pr,Ca)xBa2Cu3O7 films which exhibit B1g 2∆ peaks at low temper-
atures above, near, and below the phonon frequency. Our aims are first to identify the
shape of the electronic background in the presence of strongly interacting phonons in order
to provide substantial data for theoretical descriptions, and second to correlate the redis-
tribution and the self-energy effects, thereby allowing of an investigation of the strength
of the electron-phonon coupling. So far, simultaneous descriptions of the B1g phonon and
the interacting background have been obtained in a microscopic approach by Devereaux et
al.12 and a phenomenological one by Chen et al.13 Being mainly interested in the electronic
contribution, the latter authors have taken only a frequency-dependent imaginary part of
the electronic response function into account, treating the real part as constant. As we are
interested in the phonon self-energies as well, this approximation is not justified here. The
microscopic description considers the full frequency-dependent electronic response and pro-
vides a basis for the interpretation of the fit parameters. We will briefly recall that model
and show how non-resonant phonon Raman scattering, which is to some extent observed in
case of the B1g phonon,
14 can be described via a correction of the electron-photon vertex.
We then connect the obtained result to the phenomenological Fano formula of Chen et al.13
by including a resonant excitation channel for the phonon.
The important improvement of our approach is a phenomenological description of the
frequency-dependent real and imaginary parts of the electronic response function which
fulfill the Kramers-Kronig relations. Even though good descriptions of the spectra are
obtained, it turns out that the phonon self-energy effects can only partly be assigned to
the redistributing background in this model. Linewidth anomalies, namely a sharpening
in the underdoped, an intermediate broadening in the slightly overdoped, as well as strong
softenings or hardenings in under- or overdoped samples remain. We conclude that these
additional phonon self-energy effects indicate the presence of additional interactions and
discuss possible explanations for their appearance.
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II. THEORETICAL DESCRIPTION
As shown by Devereaux et al.12 one can describe phonon Raman scattering via a correc-
tion of the electron-photon vertex γ(k) plus additional terms arising from a photon-phonon
vertex gpp. The latter can be regarded as an abbreviation of the resonant excitation channel
of the phonon involving interband excitations.15 In order to simplify the expression given
for the mixed phononic and electronic response in Ref. 12, we neglect coupling to interband
excitations in a first approximation. Figure 1 shows the Feynman diagram of the consid-
ered Raman process. When summing up the bubble diagrams one obtains the following
expression for the full response function χσ(ω) in symmetry channel σ of the lattice:
χσ(ω) = γ
2
σχ
e
σ(ω)− γ2σg2σχeσ(ω)2Dσ(ω) , (1)
where γσ represents the symmetry elements of the Raman vertex projected out by the
incoming and outgoing polarization vectors and gσ is the lowest order expansion coeffi-
cient of the electron-phonon vertex which is independent of momentum but may vary with
temperature.12 χeσ(ω) = R
e
σ(ω)+ i̺
e
σ(ω) is the electronic response, whose real and imaginary
parts are connected by Kramers-Kronig relations, Dσ(ω) = D
0
σ(ω)/[1 + g
2
σχ
e
σ(ω)D
0
σ(ω)] is
the renormalized, and D0(ω) = 2ωp/(ω
2 − ω2p + 2iωpΓ) the bare phonon propagator. The
latter contains the bare phonon frequency ωp and the bare phonon linewidth Γ (HWHM). To
simplify Eq. (1) further, we make the assumption that the phonon is only renormalized by
the Raman-active electronic response γ2σχ
e
σ(ω), neglecting all other self-energy contributions,
e.g. those due to anharmonic phonon-phonon interactions. They are therefore included in
ωp and Γ.
The fluctuation-dissipation theorem relates the Raman intensity
I(ω) to [1 + n(ω, T )] Imχσ(ω) with n(ω, T ) = 1/ [exp(h¯ω/kBT )− 1] the Bose factor. If
A is the proportionality constant between the Raman efficiency I0(ω) = I(ω)/[1 + n(ω, T )]
and Imχσ(ω) then the constant C = Aγ
2
σ/g
2
σ allows us to express the Raman efficiency in
the following way:
I0(ω) = ̺∗(ω) +
C
γ(ω) [1 + ǫ2(ω)]
×


[
R∗(ω)
C
]2
− 2ǫ(ω)R∗(ω)
C
̺∗(ω)
C
−
[
̺∗(ω)
C
]2
 , (2)
with the substitutions ̺∗(ω) = Cg
2
σ̺
e
σ(ω), R∗(ω) = Cg
2
σR
e
σ(ω), ǫ(ω) =
[ω2 − ω2ν(ω)] /2ωpγ(ω), γ(ω) = Γ + ̺∗(ω)/C, and ω2ν(ω) = ω2p − 2ωpR∗(ω)/C.
It turns out that Eq. (2) is similar to the phenomenological Fano formula that Chen et
al.13 obtained using an extended Green’s function model, except that the phononic signal
vanishes here when the electron-phonon coupling constant is zero. This is related to the fact
that we have neglected the resonant excitation channel of the phonon so far. Therefore, one
would expect a decreasing phonon intensity if the background decreases, or if the system
becomes insulating. Examples for both cases are, e.g. the strong Fano-type profiles of the
A1g plane-oxygen phonons in HgBa2Ca3Cu4O10+δ,
1 which almost vanish above Tc along with
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the background feature, or the Fano-type Ba mode in xx or yy polarization in YBa2Cu3O6+y
(Ref. 16) which is absent in the antiferromagnetic compound at y=0. In case of the here
investigated B1g phonon, however, it is known that substantial intensity is observed even at
low oxygen contents.16 In order to connect Eq. (2) to the phenomenological Fano formula of
Ref. 13 the replacement R∗(ω)→ R∗(ω)+R0 in the numerator of the second term is sufficient.
Hereafter we will refer to the modified equation as Eq. (2,R0). The additional fit parameter
R0 = Cg
2
σRpp describes the intensity of the phonon originating from the resonant excitation
channel.17 With this parameter one keeps a Lorentzian phonon at ωp for vanishing effective
electron-phonon coupling gσ if gσ · R0 remains finite. This replaces the q2 · CFano-condition
of simple Fano profiles where IFano(ω) = CFano · (q + ǫ)2/(1 + ǫ2) with ǫ = (ω − ων)/γ and
q the asymmetry parameter.4 Physically that means that one obtains a Lorentzian profile
with Eq. (2,R0) when the phonon solely couples to electronic excitations which are strongly
peaked away from the phonon energy. In reference to the simple Fano approach, in which
the total phonon intensity is given by I = πγCFanoq
2,18 we find for the total and the bare
phonon intensity Itot =
pi
C
[R∗(ωp) +R0]
2 and Iphon =
pi
C
R20.
Our aim is to obtain the self-energy effects in a consistent way by using a phenomenolog-
ical description of the electronic background. For this, we express the measured electronic
response ̺∗(ω) with three terms:
̺∗(ω) = I∞ tanh (ω/ωT ) +
[
C2∆
1 + ǫ22∆(ω)
− (ω → −ω)
]
−
[
Csup
1 + ǫ2sup(ω)
− (ω → −ω)
]
. (3)
The first one describes the incoherent background,5 the second contribution models the 2∆
peak, and the third one the suppression of spectral weight seen at low Raman shifts. I∞,
C2∆, and Csup are fit parameters for the respective intensities. Two-magnon excitations are
not explicitly included in this description. The crossover frequency ωT of the background,
which is cut off at ωcut = 8000 cm
−1, is used as a fit parameter, however, allowing only values
close to the spot temperature. For the Lorentzians the abbreviations ǫj(ω) = (ω − ωj)/Γj
with j = 2∆, sup are used. The second terms in the brackets are necessary to fulfill the
symmetry requirements for the Raman response. The Lorentzian modelling the suppression
is arbitrarily bound to the other one by: 2ωsup = 2Γsup = ω2∆ − Γ2∆ in order to reduce the
number of free parameters. Eq. (3) is an appropriate way to model the imaginary part of the
electronic response, however, the real part of the response function contains a constant error
as a result of the arbitrarily chosen cut-off frequency.19 This error will modify the self-energy
R∗(ωp)/C and, as a consequence, the resonant intensity contribution R0. Both will hence
depend on the chosen value of ωcut. Analysis of the Ba mode in A1g polarization confirms us
that this error is small as this mode can almost completely be described by the interaction
with the background independent of ωcut.
20 In detail, it turns out that R∗(ωp)/C {R0/C}
increases {decreases} by I∞/C · 2pi ln (ωnewcut /ωoldcut) when the cutoff frequency is varied. With
a typical value of I∞/C = 1 in the present study, corrections of ∼ 0.2 cm−1 appear, when
ωcut is increased from 8000 cm
−1 to 11000 cm−1. Whereas the absolute values of the bare
phonon frequency and the bare phonon intensity have to be considered with some care for
the reason given above, the relative changes at different temperatures are not affected.
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Even though all three terms in Eq. (3) are needed to describe the background below Tc,
the last two terms diminish continuously close to the transition into the normal state. Above
the transition, the background is almost entirely described by the incoherent contribution
except for a small broad hump at the position where the 2∆ peak was observed close to Tc.
III. EXPERIMENTAL DETAILS
We study Y1−x(Pr,Ca)xBa2Cu3O7 films with different doping levels achieved by substi-
tuting Y partially with Pr (underdoping) or Ca (overdoping). The investigated films are
a x=0.1 Pr-doped film (Y0.9Pr0.1), a pure x=0 film (Y-123), and a x=0.05 Ca-doped film
(Y0.95Ca0.05) abbreviated in the following as given in brackets. They have resistively mea-
sured Tc’s, as defined by zero resistance, of 86.3K, 88.0K, and 82.7K, respectively. The
films are grown by pulsed laser deposition on SrTiO3 substrates in a process optimized to
obtain high oxygen contents.21 Whereas the growth of the Y1−xPrxBa2Cu3O7 films has also
been optimized to obtain homogeneous and smooth films with low precipitate densities,
the Ca-doped film exhibits a somewhat poorer surface quality, and a local variation of the
Ca-content from the nominal value cannot be excluded. However, also for this film the
temperature where the superconductivity-induced features vanish is in good agreement with
the measured Tc. All films are c-axis oriented and their high degree of in-plane orientation
allows us to study the plane-polarized excitation geometries.21 Raman spectra have been
taken using the 458 nm Ar+ line in a setup described elsewhere.22 They are corrected for the
response of spectrometer and detector. We have used a power density of 110 Wcm−2 and an
effective spot radius of 40 µm leading to a typical heating of 2 K in the laser spot.23 All given
temperatures are spot temperatures. In order to measure spectra with B1g symmetry, the
incident light was polarized along x′ = (1, 1, 0) and the scattered light along y′ = (1,−1, 0)
in a coordinate system given by the crystal axes of the substrate.
IV. RESULTS
In Fig. 2 we show Raman spectra of the films below and above Tc. For a better comparison
of the spectra we have normalized the intensity of the film Y-123 to unity above 650 cm−1
and used the same scaling factor for the other films as well. This factor is also used in the
following figures. The spectra are efficiency corrected for the thermal factor [1 + n(ω, T )].
The electronic continua, which are shown in the insets, are obtained after subtraction of
the phonons. Whereas this can easily be done in case of the weak Ba and symmetric O(4)
modes, the description given in Eq. (2,R0) is used to subtract the B1g mode properly. This
description is also used for the O(4) mode in Y0.9Pr0.1 and for the Ba mode in Y0.95Ca0.05. In
all films we observe a featureless background at 152K which becomes almost constant above
400 cm−1. At 18K the B1g 2∆ peaks are visible as well as suppressions of spectral weight
at small Raman shifts. Whereas the B1g 2∆ peak can clearly be seen in the raw data of
Y0.95Ca0.05 they are somehow hidden in the spectra of the films with lower doping levels. In
Y0.9Pr0.1 this results from the strongly reduced intensity of the redistribution (note the scale
in the insets of Fig. 2) whereas in Y-123 it is a consequence of the destructive interference of
phonon and background right at the position of the B1g 2∆ peak. In agreement with recent
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studies10,13 we find that the redistribution becomes weaker at low doping levels and that the
B1g 2∆ peak shifts with increasing doping to lower energies from 570 cm
−1 in Y0.9Pr0.1 and
390 cm−1 in Y-123 down to 300 cm−1 in Y0.95Ca0.05. Compared to fully oxygenated single
crystals the energy of the B1g 2∆ peak in the film Y-123 is approximately 10 % lower.
13 This
indicates a higher doping level in the film compared to the single crystals. The increased
doping level could result from additional oxygen which may enter the film at grain- or twin-
boundaries. These boundaries appear with much higher densities in the films than in the
single crystals as a result of the lattice mismatch to the substrate.
To give an example we show in Fig. 3(a) the efficiency I0(ω) of the film Y0.95Ca0.05
measured at 18 K. Also shown is a fit to the spectrum where the B1g phonon and the
Ba mode are described according to Eq. (2,R0), and Lorentzians are taken for the O(4)
mode and the weak feature around 600 cm−1. Subtracting all phonons from the spectrum
we obtain the electronic background ̺∗(ω) which is shown in Fig. 3(b) together with the
description according to Eq. (3) used in the fit. The real part of the electronic background
R∗(ω) is shown in Fig. 3(c). In order to obtain R∗(ω) we have performed a numerical Hilbert
transformation of ̺∗(ω). For the transformation the measured spectrum is taken as constant
for high frequencies up to ωcut, and is interpolated to zero intensity at ω = 0; for negative
frequencies the antisymmetry of ̺∗(ω) has been used. Whereas a good description of the
spectrum can also be obtained with a simpler model where the real part of the response
function is considered constant,13 our approach simultaneously yields a good description of
R∗(ω) which is important when phonon self-energy effects are investigated. The temperature
dependencies of the B1g 2∆ peaks ω2∆ of the films are shown in the inset of Fig. 3 where
a typical phonon frequency is indicated as a dashed horizontal line. Whereas the peak is
always below the phonon frequency in the Ca-doped film it is always above the phonon
in the Pr-doped film. In the film Y-123 the peak passes the phonon around 60 K. In all
films only weak temperature dependencies are observed in agreement with other Raman
studies.24 With increasing temperature the intensities of the background peaks decrease,
becoming unresolvable above Tc.
The temperature dependencies of the fit parameters of the B1g phonons are shown in
Fig. 4. Beside the bare phonon parameters and the self-energy contributions at ω = ωp also
the renormalized frequencies ων(ωp) and linewidths γ(ωp) are depicted which facilitates a
comparison with previous data obtained with simpler Fano models. Solid lines are fits to
the anharmonic decay for both models,18 and anomalies below Tc are discussed with respect
to these fits. Looking at the renormalized phonon parameters, we observe a behavior which
is in agreement with the relative positions of B1g 2∆ peak and phonon energy: We find a
softening in Y0.9Pr0.1 and Y-123 where ω2∆(T → 0) > ωp and a hardening in Y0.95Ca0.05
where ω2∆(T → 0) < ωp (see Fig. 3). In those two films where the B1g 2∆ peaks evolve
in the vicinity of the phonon we find strong broadenings of ≈ 5 cm−1 whereas a sharpening
of ≈ 2 cm−1 occurs in Y0.9Pr0.1. Our fit procedure now allows us to identify the self-
energy effects which originate from the background. For all films a convincing correlation
exists between the changes of the linewidth appearing below Tc and the varying self-energy
contributions ̺∗(ωp)/C. It turns out that the sharpening in Y0.9Pr0.1 is a consequence of a
reduced effective coupling g2B1g ∝ 1/C at low temperatures, as the background intensity at
the phonon position ̺∗(ωp) varies hardly with temperature (see Fig. 2). The broadenings
of the other films on the other hand are almost entirely described by increasing intensities
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̺∗(ωp) accompanied by increasing effective couplings. However, looking at the bare phonon
linewidths Γ some anomalies remain, i.e. a slight sharpening of ≈ 1.5 cm−1 and a slight
broadening of ≈ 1 cm−1 in Y0.9Pr0.1 and Y0.95Ca0.05, respectively, as well as an intermediate
broadening of ≈ 1.5 cm−1 in Y-123 appearing around 60 K. Regarding the frequency effects
even stronger anomalies are observed. Whereas we find a good explanation of the softening
in Y-123 as a result of the varying contribution R∗(ωp)/C, the bare phonon frequencies ωp
in the other films differ significantly from an anharmonic behavior, showing pronounced
softening or hardening in Y0.9Pr0.1 or Y0.95Ca0.05, respectively. The appearance of such
an anomaly in the Pr-doped film is related to the fact that only a small redistribution is
observed, the anomaly in the Ca-doped film, however, is unexpected.
Finally, we turn to the lowest row of Fig. 4 in which beside the total intensities Itot also
the bare phonon intensities Iphon are given. Even though increasing intensities are observed
below Tc in both films which exhibit B1g 2∆ peaks above the phonon energy, they have
different origins. Whereas the increase in Y0.9Pr0.1 can be assigned to the increasing values
of R0 which compensate the decreasing effective coupling, they are a result of an increasing
background contribution R∗(ωp) accompanied by an increasing effective coupling in the film
Y-123. No intensity anomaly is observed in the film Y0.95Ca0.05 where independent of the
temperature the B1g 2∆ peak is below the phonon energy. A superconductivity-induced
increase of the interband contribution to the Raman intensity of the B1g phonon has been
obtained in a theoretical treatment of the scattering process by Sherman et al.25 The latter
authors showed that the increase will depend on the doping level, becoming stronger in
underdoped samples. This appears to be in agreement with our data. Our results, however,
also indicate that there is a particular correlation between the intensity anomaly due to the
interband contribution R0 and the relative energies of phonon and B1g 2∆ peak which has
not been observed before. A further discussion of this correlation will be presented in a
forthcoming publication.26
V. DISCUSSION AND CONCLUSIONS
The remaining anomalies of the bare phonon parameters show that additional interaction
effects are present which modify Eqs. (1) and (2,R0). In the following we will discuss two
possible origins of the observed anomalies: (i) The assumption that the phonon interacts
with the entire measured background is wrong; (ii) An additional excitation exists which
renormalizes the phonon but is not Raman-active.
(i): If the electronic continuum consists of several contributions interacting only partly
with the phonon, the applied fitting procedure would not allow us to obtain the proper bare
phonon parameters. In fact, in the antiferromagnetic phase YBa2Cu3O6, in which intra-
band excitations have vanished, one still observes a background on which the B1g phonon
is superimposed.16 The symmetric appearance of the phonon indicates the absence of cou-
pling to that background, which can more or less unambiguously be related to two-magnon
scattering.27,28 At higher doping levels the two-magnon intensity decreases.29,30 However,
in previous works we have shown that in low up to slightly overdoped superconducting
Y1−xPrxBa2Cu3O7 (Ref. 31) and Bi2Sr2CaCu2O8+δ (Ref. 32) compounds the magnetic scat-
tering in B1g symmetry becomes amplified below Tc having significant spectral weight at
low frequencies. The observation that the effective coupling decreases below Tc in Y0.9Pr0.1
7
is thus in agreement with a strengthening of magnetic excitations in that temperature
range. However, studying Bi2Sr2CaCu2O8+δ single crystals
33 we have seen recently that
the superconductivity-induced changes at high energy transfers vanish at very high doping
levels. Therefore, the influence of the magnetic scattering should decrease with increasing
doping. The similar strength of the anomalies in the overdoped film Y0.95Ca0.05 can thus
not be related to the existence of magnetic excitations which presumably are strongly over-
damped at this doping level. Therefore, our observation might have a different origin at
higher doping levels.
(ii): In the second scenario anomalies in the underdoped as well as in the overdoped
regime can be explained by assuming the presence of an additional not Raman-active exci-
tation. The energy of this excitation must be strongly related to the gap value in order to
explain the intermediate broadening in Y-123 which appears in the temperature range where
the measured B1g 2∆ peak passes the phonon frequency. In fact, the doping dependence of
such a broadening in several YBa2Cu3O7−δ single crystals with different oxygen contents
34
agrees well with the doping dependence of the B1g 2∆ peak obtained on the same crystals.
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The intermediate broadening cannot be attributed to the Raman-active gap excitations as
̺∗(ωp)/C shows a monotonic behavior at the considered temperatures within the error bars.
The small temperature interval of the broadening indicates that the imaginary part of the
response function associated with this excitation has a small extension in frequency space of
roughly ±20 cm−1 as ω2∆ varies only slightly below Tc. 2∆ peaks of this sharpness have in-
deed not been observed in Raman spectra of cuprates so far. Even though the imaginary part
of the response function has a rather small width, the real part will extend to a somewhat
broader frequency range and could therefore be responsible for the anomalous softenings
and hardenings in Y0.9Pr0.1 and Y0.95Ca0.05. In this picture the almost anharmonic behavior
of the bare phonon frequency in Y-123 is not surprising as the real part changes sign when
the gap passes the phonon.
The origin of the additional excitation which renormalizes the phonon but does not show
up in the Raman spectra could possibly be found in a not Raman-active gap excitation. As
seen before10 and shown in this work the gap features rapidly loose their strength at lower
doping levels. This cannot be understood on the basis of the standard theory35 where a
metal-like band picture is used to describe the response in the superconducting state. It
has therefore been suggested that vertex corrections due to the strong correlations should
be considered in order to understand the additional screening which suppresses the gap
features in the Raman process.9,33 This work provides some evidence that screening of the
B1g Raman response may not only be present around or below the optimum doping level
where the cuprates may be regarded as doped antiferromagnets, but also above this level
when the cuprates start to evolve into a metallic state.
In conclusion, we present a model that allows us to study background redistributions and
related phonon self-energy effects in Y1−x(Pr,Ca)xBa2Cu3O7 films simultaneously. In this
model we use a phenomenological description of the electronic background and find that this
approach enables us to explain various self-energy effects. However, some anomalies remain.
We discuss whether these anomalies result from the fact that the observed background
consists in a subtle way of electronic as well as magnetic excitations, or whether they also
indicate that another not Raman-active excitation, which we suggest to originate from the
gap itself, renormalizes the phonon.
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FIGURES
FIG. 1. Feynman diagram for phononic Raman scattering, where γ(k) and g(k) are the elec-
tron-photon and electron-phonon vertices, and solid and wavy lines the electron and phonon prop-
agator. The outer dashed lines correspond to the photons.
FIG. 2. Raman efficiencies in B1g symmetry of the three investigated films at T = 18K (solid
lines) and 152K (dots). The insets show the electronic backgrounds after subtraction of the
phonons. The efficiencies are given in the same units.
FIG. 3. (a) Raman efficiency I0(ω) in B1g symmetry of the film Y0.95Ca0.05 at T = 18K (open
circles), and fit result (solid line). (b) Imaginary part ̺∗(ω) and (c) numerically determined real
part R∗(ω) of the electronic background (open circles) obtained after subtraction of the phonons,
and numerical descriptions used in the fit (solid lines). Efficiencies and real part are given in the
same units. Arrows indicate the energy of the 2∆ peak given by the fit parameter ω2∆. The
inset shows the energies ω2∆ versus temperature for the three investigated films as indicated. The
horizontal dashed line represents a typical energy of the B1g phonon of 345 cm
−1.
FIG. 4. Temperature dependence of the fit parameters for the B1g phonon. Closed circles rep-
resent the bare phonon parameters ωp, Γ, and Iphon, crosses the self-energy contributions R∗(ωp)/C
and ̺∗(ωp)/C, and open circles the calculated renormalized values ων(ωp), γ(ωp), and Itot. Solid
lines are fits according to an anharmonic decay. The vertical dotted lines indicate the respective
transition temperatures of the films. Marker sizes represent the vertical accuracies.
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= +
γ (k)
with:
Do(ω)
